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Raman spectra of LiCsSO4 were performed for pressures up to 13.5 GPa. Several modifica-
tions in the spectra are interpreted as due to a structural phase transition occurring at 3.8 GPa.
This transition is reversible and both directions are fast, in agreement with the general criteria for
polyhedral tilt transitions. Pressure coefBcients of Raman modes are given.
I. INTRODUCTION
Investigations of structural phase transitions in ionic
compounds were encouraged by the technological interest
in plastic crystalline fast ionic conductor phases together
with the understanding of critical phenomena related to
a sequence of structural transitions in double sulfates. A
nondynamic model based on orientational states of poly-
hedra predicts the possible phase transitions on lowering
the temperature of double sulfates. Also based on reori-
entational effects a classification scheme for displacive-
type phase transitions was proposed. According to this
scheme, ionic compounds with corner-linked rigid cation-
anion groups are very likely to undergo a polyhedral tilt
transition (PTT) with variation of pressure or temper-
ature. Such transitions are driven by changing the vol-
ume of the large cation-group or cavity, the anionic group
inner structure remaining unafFected. Furthermore, the
transition is rapid, reversible, and the single-crystal na-
ture is preserved. The ratio of thermal expansivity to
compressibility is expected to be positive in a PTT, sim-
ilarly to the effect on the volume by lowering the tem-
perature or increasing the pressure (dP/dT ) 0).
The tilting mechanism was proposed to explain the
structural transition in LiCsSO4, from orthorhombic
(D2is&) to monoclinic (Czh), at T, 202 K. Considerable
changes in the physical properties observed on cooling
this crystal to T confirm this transition. The second-
order and ferroelastic characters of the transition were
established by calorimetric measurements and direct ob-
servation of a strain-stress hysteresis loop, respectively.
The transition may be pure-strain induced because there
is, up to now, no evidence of an order parameter involved,
other than spontaneous strain e6. The pressure effect
on the dielectric properties, however, yields a negative
value for dT, /dP, in contrast with observed values for
other members of this family, and the experimental
trends on PTT's. This challenge, together with the re-
cent interest in this kind of material, stimulated further
investigations on the subject.
Here we report a study of Raman scattering in
LiCsSO4, &om I = 1 atm to P = 13 5 GPa. The
data reveal the existence of only one phase transition
occurring at P = 3.8 GPa, in disagreement with a pre-
vious report. Our experimental observation conforms
with most of the general characteristics of a PTT. This
suggests a tilting of SO4 groups as the mechanism for
this transition, in contrast with some pressure-induced
transitions of other double sulfates. There is strong
evidence of inversion symmetry being preserved in the
higher-pressure phase.
II. EXPERIMENTAL DETAILS
Single crystals of LiCsSO4 were grown by the slow
evaporation of an aqueous solution prepared with
equimolar amounts of reagent-grade Cs2SO4 and Li2SO4.
The samples were oriented using x-ray diffraction.
Platelets with crystalline-oriented faces were prepared
and cut under a microscope into small pieces to be loaded
in the pressure cell. The pressure cell was a homemade
diamond-anvil cell (DAC) especially designed to allow
for the loading of samples with thicknesses of the order
of 100 pm. The pressure-transmitting fIuid used was 4:1
methanol-ethanol and the pressure was measured by the
&equency shift of the ruby luminescence lines. Exci-
tation with 514.5 nm radiation from a Spectra-Physics
argon-ion laser was employed. The detection was done
with an ITT FW-130 photomultiplier associated to a
Spex double monochromator and a photon-counting sys-
tem triggered by a microcomputer. Backscattering con-
figurations on (001) and (100) surfaces were the cho-
sen geometries of this work. Here (100) stands for the
pseudohexagonal crystalline direction of the orthorhom-
bic (atmospheric pressure) phase, and (001) coincides
with the direction of the bigger lattice parameter of the
unit cell. Raman spectra were obtained at room temper-
ature with a resolution of less than 2 cm . No analyzer
for scattered. light was employed. Ne-lamp emission lines
were used as reference for calibration.
III. RESULTS AND DISCUSSIONS
LiCsSO4 is an orthorhombic crystal belonging to the
P„(D2&) space group at room temperature. The
unit cell parameters were determined as a = 0.8820,
6 = 0.5456, and c = 0.9456 nm. The Raman study of
LiCsSO4 using both factor group analysis and a comple-
mentary calculation of relative intensities gives a consis-
tent interpretation of the spectra. Therefore, the as-
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signments of the Raman bands of Ref. 18 will be used to
describe our results. The backscattering geometries and
(001) oriented samples were used for Ag+Bs~ symme-
tries. Raman spectra of LiCsSO4 taken with light paral-
lel to the z axis are displayed in Fig. 1 for several pressure
values. This geometry allows for the observation of the
weakest structures in the spectrum of LiCsSO4, which
correspond to B3g symmetry, together with the stronger
peaks of Ag modes, in the frequency region 300 & w &
1 200 cm . In Fig. 1, the lowest curve is the spectrum
for the pressure value of 0.7 GPa. This spectrum is the
same as that of atmospheric pressure except for small
pressure-induced shifts of the Raman peaks and relative
intensities variation. The peak labeled B is the rota-
tional mode of Ag symmetry. At the higher-energy side,
the double structure is of the v2-bending modes of Ag and
B3g symmetries, respectively. The next features on in-
creasing frequency, observed at 620 cm, correspond
to the modes B3g-v4 and Ag-v4, respectively. The weak
peak at 627 cm is of another Ag-v4 mode. The peak
at —1016 cm is the only vi mode liable to observation
(at atmospheric pressure), corresponding to the totally
symmetrical Ag vibrational internal mode of the crys-
tal. The evolution of the Raman spectrum with pressure
does not reveal qualitative changes up to 3.8 GPa. For
pressure values P & 3.8 GPa, the intensity of the low-
frequency peaks seems to increase as compared to that of
the Ag-vi mode. This effect can be appreciated &om Fig.
1. The curve in this figure labeled 4.0 GPa shows, be-
sides this change in relative intensity, also that the peak
positions do not correspond to the expected values on
the basis of a linear shift with pressure. The qualitative
change is such that the peaks should be regarded rather
as new structures induced by applied pressure. By fur-
ther raising the pressure, the spectrum remains the same,
except for small pressure-induced frequency shifts up to
LicSSO4
13.5 GPa
(11.9 GPa
the limiting value attained in this experiment, P = 13.5
GPa. The arrows indicate positions where strong struc-
tures appear in the spectra of Shashikala et al. included
here for comparison. Notice that in contrast to the split-
tings indicated by those arrows, we observe a single line
throughout the pressure range investigated. Also, the
asymmetries and broadenings reported for this line are
not present in our data.
In order to discuss the results in detail, we plotted the
pressure dependence of the wave numbers in Fig. 2 for
all of the geometries employed. Data from several exper-
iments are plotted with different symbols. The open sym-
bols represent increasing pressure data and the solid sym-
bols are those obtained on releasing the pressure. Solid
lines are a least squares fitting to the data. Figure 2 dis-
plays the behavior of seven among the Raman modes of
LiCsSO4. In this figure the modes of librational motions
of sulfate ions are indicated by Ag-B and B2g-B. The
remaining modes are bending of the SO4 units (v2,
v4) and the stretching-type mode vi. All these modes
were seen to have a linear dependence of the frequency
with pressure. The straight lines of Fig. 2 are broken at
P = 3.8 GPa, defining new curves denoted by P2, P4,
and P5, respectively. This is the only discontinuity ob-
served up to P = 13.5 GPa. In Fig. 2 the lowest curve
for the v4 bending type of vibration contains data from
the two different geometries allowing either B2g or B3g.
They were taken together for the fitting because they are
spread along the same straight line within experimental
errors. The behavior of these modes is similar to that
described above. Note that the mode Ps does not split
with pressure up to 13.5 GPa, the corresponding ~ vs P
curve being continuous.
Some general remarks on the pressure study of the Ra-
man spectrum of LiCsSO4 are the folloiwng: (a) There
is a qualitative change in the spectrum occurring when a
pressure of 3.8 GPa is applied to the sample; (b) at this
pressure, all of the observed u vs P lines suffer a disconti-
nuity; (c) these changes are reversible with no hysteresis
effect; (d) experimental points for difFerent runs, corre-
sponding to an arbitrary orientation of the crystal axes
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FIG. 1. Raman spectra of LiCsSO4 in the v2 + v4 regions
for several pressure values. The arrows indicate the Raman
frequencies of Ref. 13.
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FIG. 2. Pressure dependence of the Raman frequencies of
LiCsSO4.
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and the backscattering axis, spread around the same u vs
P curve. This indicates lack of oblique phonons, which
are highly dependent on the relative orientation of the
crystal axes and the electric field of the incident radia-
tion.
These observations were interpreted as a transition
&om the orthorhombic phase to a new one (P phase),
which takes place at Pq —3.8 GPa at room tempera-
ture. It is interesting to note that this change is subtle,
without any retarding eKects, in contrast to the tran-
sitions which have been observed previously for several
members of the double sulfate family. These charac-
teristics conform with the criteria for a polyhedral tilting
mechanism as being rapid, fast reversible, and with no
hysteresis eKect. We also observed no oblique phonons in
the spectra throughout the pressure range studied. As a
result, we believe the inversion symmetry to be preserved
in the transition.
The tilting mechanism has often been invoked to
explain transitions occurring in ionic compounds with
corner-linked rigid cation-anion groups. Also a tilting
of the SO4 unit was assumed as responsible for the
temperature-induced phase transition in LiCsSO4 occur-
ring for T —202 K. If this mechanism is considered for
the pressure transition reported here, the P phase should
belong to the Czh space group. This would agree with the
preservation of inversion symmetry, but x-ray diffraction
studies should be carried out to con6rm this hypothesis.
Table I gives the pressure coeKcients for all of the ob-
served modes. It is worth mentioning that the extrap-
olated values wo for the P, modes do not coincide with
those observed at atmospheric pressure, but for one ex-
ception (Ps). This result adds support to the proposed
structural modification.
The work of Shashikala et a/. reports three pressure-
induced phase transitions occurring in LiCsSO4 at P =
2.4, 4.0, and 7.2 GPa, respectively. Our results do not
con6rm these observations. We did not find any indica-
tion of a phase transition occurring at P 2 GPa or
P 7 GPa. In order to compare our results with previ-
ous publications in more detail, we show in Fig. 3 data
taken with a higher signal-to-noise ratio in the v~+ v3 re-
gion. The spectra are amplified to emphasize the details.
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FIG. 3. Raman spectra of LiCsSO4 in the v~ + v3 region
at selected pressure values. The arrows are the positions of
Raman lines of Ref. 13. Asterisks indicate plasma lines.
Arrows indicate the Raman lines of Ref. 13. The upper
spectrum consists of three lines, one in the v~ region and
two in the vs region, referred to as Ps, Ps, and Pq, re-
spectively. According to the data in Ref. 13 there are as
many as seven lines in these regions, among which only
two agree with ours (Ps and P~). The main discrepancy
found is the reported splitting of the vq peak into four
components which meets no parallel in our data. The
spectra of P = 4.2 GPa and P = 3.3 GPa of Fig. 3 also
consist of single lines in the vq region, while the data of
Ref. 13 have an extra peak in this region. The weakest
structure in the spectrum of 3.3 GPa corresponds to a
B3g-v3 of 1110.6 cm . It is not present in our 4.2 GPa
spectrum. We noticed that this peak weakens gradually
with pressure and actually disappears at P = 3.8 GPa
and not at P = 2.0 GPa as reported before. The low-
est curve in Fig. 3, for P = 2.3 GPa, contains peaks
TABLE I. Pressure coefficients of the LiCsSO4 Raman modes in the orthorhombic phase (P ( 3.8
GPa) and in the high-pressure p phase (3.8 ( P ( 13.5 GPa).
Mode vo cm ~ ('o,. ) Mode cm ~ ('op. ) a2 ~p ~
Ag-T
Ag-B
B2g-R
Ag-v2
B3g-V2
(B2g+B3g )-V4
Ag-V4
Ag-V4
Ag-vy
B3g-V3
Ag —V3
Ag —vg
369.6
399.2
402.3
448.8
461.5
620.1
626.9
651.1
1017.2
1110.6
1125.5
1158.1
10.16
9.57
12.65
3.32
10.50
2.65
5.25
6.45
7.27
7.58
7.17
9.64
p3
p4
345.8
421.5
466.9
604.5
1006.3
1126.3
1166.4
7.57
5.57
9.40
8.49
10.02
7.56
4.58
-0.217
-0.246
-0.317
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which are lacking in the previous report, the B3g v3 of
1110.6 cm and Az-v3 of 1158.1 cm, respectively. The
v~ line is neither broadened nor became asymmetric in
this spectrum or any other of the spectra displayed in
Fig. 3. The fact that such a strong feature has been ob-
served to broaden and split with pressure leaves serious
doubts as to whether this could be related to nonhy-
drostatic efFects. One should realize, however, that one
does not have control over the methodological procedure
employed in those experiments to draw additional con-
clusions. Also, as our fi.ndings difFer a great deal for the
dominant features, we see no sense in a comparison of
the other internal mode regions, much less in the exter-
nal mode &equency range where the peaks, besides being
weaker, merge with some plasma lines at certain pressure
values. The changes reported in this region are marginal
evidence for a phase transition afFecting only relative in-
tensities at a low rate. In light of our results we strongly
believe that only one phase transition occurs in LiCsSO4
up to P = 13.5 GPa.
IV. CONCLUSIONS
We studied the Raman spectra of LiCsSO4 with pres-
sure up to 13.5 GPa. We found a new phase transition
at It ——3.8 GPa, which we believe is the only one oc-
curring up to the limiting pressure of this work. This
transition has been consistently interpreted in terms of
a polyhedral tilt transition. Being fast, reversible, and
with no hysteresis, it is one of the clearest examples of
a pressure-induced PTT found so far. One such mech-
anism was held responsible for the transition observed
at low temperatures (T = 202 K), where the tetrahedra
rotates around the pseudohexagonal axis. If a similar
reorientation of SO4 units is considered in order to inter-
pret the pressure-induced transition observed here, the
new phase should be considered to belong to the Cz&
space group. We also give pressure coeKcients values,
which are needed in anharmonic effect studies.
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